Background-The metabolic syndrome (MetS) is associated with increased cardiovascular risk. We evaluated the relative contributions of circulating biomarkers representing distinct biological pathways to the incidence of MetS and to longitudinal changes of its constituent risk factors. 
sectional studies, the presence of MetS has been correlated with higher circulating concentrations of inflammatory markers, 6, 7 hemostatic markers, 8 and neurohormonal activation. 9, 10 Elevation of several of these biomarkers may antedate development of risk factors such as type 2 diabetes [11] [12] [13] and hypertension. 14 -16 However, it is less clear if alterations of biomarkers are pathogenetically related to the incidence of MetS itself. Previous studies have not examined conjoint and relative contributions of multiple biomarkers representing key pathogenetic pathways for predicting the development of MetS and its components.
We hypothesized that select circulating biomarkers are associated with the incidence of MetS and with longitudinal tracking of its components. We tested this hypothesis by evaluating a comprehensive panel of biomarkers representing the following pathways: inflammation (high-sensitivity C-reactive protein), hemostasis (plasminogen activator inhibitor-1 [PAI-1], fibrinogen), neurohormonal activation (aldosterone, renin, B-type natriuretic peptide [BNP] , N-terminal proatrial natriuretic peptide [N-ANP]), and endothelial dysfunction (homocysteine).
Methods

Study Sample
The design and selection criteria of the Framingham Offspring Study have been described previously. 17 Participants were eligible for the present investigation if they attended both the sixth (1995 to 1998; baseline) and seventh (1998 to 2001; follow-up visit) examination cycles. Of 3264 eligible attendees, we excluded 972 individuals for the following reasons: prevalent cardiovascular disease (coronary heart disease, cerebrovascular disease, intermittent claudication, or congestive heart failure; nϭ359), prevalent diabetes (fasting plasma glucose Ն126 mg/dL or use of insulin or oral hypoglycemic agents 18 ; nϭ228), serum creatinine Ͼ2.0 mg/dL (nϭ7), missing covariates (nϭ226), or missing biomarker data (nϭ152). After exclusions, 2292 individuals (mean age, 57 years; 56% women) remained eligible for our study. This larger sample was the sampling frame for analyses of longitudinal change in individual components of MetS (see the Statistical Analyses section for rationale). A smaller sample of 1473 participants was eligible for analyses of the incidence of MetS after exclusion of 819 participants with prevalent MetS at baseline. The Institutional Review Board at Boston University Medical Center approved the study, and all participants gave written informed consent.
Assessment of Clinical Covariates
At each Framingham Heart Study examination, participants undergo routine medical history, physical examination using a standardized protocol (including blood pressure [BP] measurement and anthropometry), and laboratory assessment of risk factors. A physician measured BP using a mercury column sphygmomanometer after the participant had rested in a seated position for 5 minutes; the average of 2 readings obtained on the participant's left arm constituted the examination BP. Fasting levels of plasma glucose, triglycerides, and high-density lipoprotein (HDL) cholesterol were measured with standardized assays. Cigarette smoking was defined by self-reported use within the year preceding the baseline examination.
At examination cycle 5 (Ϸ4 years before the study baseline), fasting plasma glucose and insulin levels were measured. We calculated homeostasis model assessment insulin resistance index (HOMA-IR) using this formula: (1) fasting insulin ϫ fasting glucose 22.5 . 19
Biomarker Measurements at Baseline Examination
At the baseline examination, phlebotomy was performed on fasting participants who had rested for 5 to 10 minutes in a supine position, typically between 8 and 9 AM. Specimens were stored at Ϫ80°C without freeze-thaw cycles until assay. High-sensitivity C-reactive protein was measured with a Dade Behring BN100 nephelometer. ELISA methods were used to measure plasma levels of PAI-1 antigen (TintElize PAI-1, Biopool, Ventura, Calif). Plasma fibrinogen was determined by the Clauss method. Serum aldosterone was measured by radioimmunoassay (Quest Diagnostics, Cambridge, Mass), and plasma renin was measured by immunochemiluminometric assay (Nichols assay, Quest Diagnostics). Plasma BNP and N-terminal proatrial natriuretic peptide were measured with high-sensitivity immunoradiometric assays (Shionogi, Osaka, Japan). Total plasma homocysteine was measured with high-performance liquid chromatography with fluorometric detection. The average interassay coefficients of variation for the biomarkers were as follows: high-sensitivity C-reactive protein, 2.2%; PAI-1, 7.7%; fibrinogen, 2.6%; aldosterone, 4.0% for high concentrations and 9.8% for low concentrations; renin, 2.0% for high concentrations and 10.0% for low concentrations; BNP, 12.2%; N-terminal proatrial natriuretic peptide, 12.7%; and homocysteine, 9%.
Incidence of MetS
The incidence of MetS was ascertained at the seventh examination (mean, 2.9 years from baseline; range, 1.0 to 6.2 years) among 1473 individuals (878 women) free of the condition at baseline. MetS was defined according to the modified definition of the National Cholesterol Education Program Adult Treatment Panel III guidelines 20 as the presence of Ն3 of the following: increased waist circumference (Ն102 cm for men, Ն88 cm for women), elevated BP (Ն130 mm Hg systolic, Ն85 mm Hg diastolic) or treatment for high BP, hyperglycemia (fasting glucose Ն100 mg/dL) or treatment with oral hypoglycemic agents or insulin, hypertriglyceridemia (Ն150 mg/dL) or treatment with lipid-lowering treatment, and low HDL cholesterol (Ͻ40 mg/dL in men, Ͻ50 mg/dL in women).
Longitudinal Changes in Component Risk Factors on Follow-Up
For biomarkers related to MetS incidence, we also evaluated the relations to longitudinal changes in levels of metabolic risk factors that define MetS (see below for conservative analytical strategy). Thus, we evaluated changes in levels of the following risk factors between the baseline and follow-up examinations: waist circumference, systolic and diastolic BPs, plasma glucose, triglycerides, and HDL cholesterol. The larger sample of 2292 participants was eligible for these analyses to maximize our statistical power; exclusion of people with prevalent MetS was not necessary for these analyses; rather, we excluded individuals on treatment at baseline for a given risk factor.
Statistical Analyses
All biomarkers, except fibrinogen and BNP, displayed right-skewed distributions and were logarithmically transformed. Because more than one quarter of BNP values were below the assay detection limit and were assigned the minimum detectable value, we used sexspecific quartiles of BNP in our models. Additionally, all other markers were sex standardized to facilitate easier comparisons and to account for sex differences in their distributions. This sex standardization was accomplished by subtracting from each value the sex-specific mean and dividing by sex-specific SD. Pairwise Pearson correlation coefficients were calculated to assess the relations among the biomarkers.
Multimarker Panel and Incidence of MetS
To minimize multiple statistical testing, we used a conservative 2-step strategy to relate the biomarkers to the incidence of MetS. First, we used multivariable logistic regression to relate the entire panel of biomarkers to the incidence of MetS. We adjusted for the following covariates (all defined at the baseline examination): age,
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Multiple Biomarkers and the Metabolic Syndromesex, systolic and diastolic BPs, fasting glucose, HDL cholesterol, logarithm of triglycerides, and sex-standardized waist circumference. We estimated a global probability value for the biomarker panel as a whole using a likelihood ratio test in which Ϫ2 log likelihood for the model with clinical covariates and biomarkers was subtracted from Ϫ2 log likelihood for the model with clinical covariates only. The purpose of this global probability value was to determine whether the biomarker panel as a whole was associated with MetS incidence. We performed further analyses of individual biomarkers only if the global probability value was Ͻ0.05. Second, we selected a final set of informative biomarkers with backward elimination using an individual threshold of PϽ0.05 for retention of biomarkers in the model. In secondary analyses, we added HOMA-IR as a covariate to the multivariable model to explore whether the association of biomarkers with incident MetS was confounded by insulin resistance. Additional analyses focused on the biomarkers that were individually retained on backward elimination (referred to as informative biomarkers for simplicity). We assessed the effect modification of the biomarker-MetS relations by age and sex by incorporating appropriate interaction terms in multivariable models. We also assessed their conjoint influence on the incidence of MetS by cross-classifying participants according to sex-standardized median values and determining whether individuals with values above the median (high) on Ն1 biomarkers alone and in combination had a greater risk of MetS compared with those with concentrations of informative biomarkers below the median (low).
In addition, we constructed separate receiver-operating characteristics curves for the informative biomarkers to estimate sex-specific cutoff points that maximized the sums of sensitivity and specificity for predicting new-onset MetS. 21 These cutoff points were used to examine the sensitivities, specificities, positive predictive values (PPVs), and negative predictive values (NPVs) for incident MetS. We estimated the c statistic (area under the receiver-operating characteristics curve) for multivariable models incorporating the informative biomarkers and compared it with that for models without the biomarkers.
Informative Biomarkers and Longitudinal Change in Metabolic Risk Factors
For the informative biomarkers in the panel, we examined the relations of the baseline biomarker levels (modeled together) to longitudinal changes in the metabolic risk factors constituting MetS, with separate analyses for each risk factor. We excluded participants using BP-lowering or lipid-lowering treatment at baseline for analyses of changes in BP and triglycerides (individuals with diabetes at baseline were excluded from the study sample as noted earlier). We used sex-pooled multivariable linear regression models with the change in levels of risk factors as the dependent continuous variables; change in waist circumference was standardized within sex. For systolic BP, diastolic BP, plasma glucose, and logarithm of triglycerides, we used censored normal regression to account for treatment for high BP, diabetes, or dyslipidemia at the follow-up examination. 22 Models were adjusted for age, sex, baseline body mass index (except for models with waist circumference as the dependent variable), and baseline level of the individual risk factor analyzed. Two-sided values of PϽ0.05 were considered statistically significant. All analyses were performed with SAS 9.1 (SAS Institute, Cary, NC) and STATA 8.2 (Stata Corp, College Station, Tex).
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Baseline Biomarkers and Clinical Characteristics
The baseline clinical characteristics of the study sample are shown in Table 1 . Most of the biomarkers demonstrated a modest pairwise correlation (correlation coefficients ranging from Ϫ0.23 to 0.31; Table 2 ). Stronger correlations were evident for CRP and fibrinogen (rϭ0.52) and for the 2 natriuretic peptides (rϭ0.57).
Relations of the Multimarker Panel and Incidence of MetS
On follow-up, 282 participants (142 women) developed new-onset MetS. The panel of 8 biomarkers was associated with incidence of MetS (global test, Pϭ0.008; Table 3 ). In stepwise logistic regression with backward elimination of biomarkers (adjusting for age, sex, systolic and diastolic BPs, glucose, high-density lipoprotein (HDL) cholesterol, logarithm of triglycerides, and sex-standardized waist circumference, all forced into the model), PAI-1 and aldosterone were significantly associated with MetS (Pϭ0.004 and Pϭ0.015, respectively; Table 3 ). There was no effect modification by age or sex for either of these markers (interaction terms were not significant).
When HOMA-IR measured 4 years before the baseline was added as a covariate to the multivariable model, the relations of PAI-1 (multivariable-adjusted odds ratio [OR] per SD of log marker, 1.30; 95% CI, 1.07 to 1.58; Pϭ0.007) and aldosterone (multivariable-adjusted OR per SD of log marker, 1.22; 95% CI, 1.04 to 1.43; Pϭ0.014) to incident MetS remained robust; SD of log PAI-1 corresponds to 18.9 ng/mL, and SD of log aldosterone corresponds to 7.2 ng/dL increase above the median in original units. Additionally, HOMA-IR was significantly associated with incidence of MetS (multivariable-adjusted OR, 1.13; 95% CI, 1.04 to 1.23 per SD [1.8] ; Pϭ0.004). These results remained essentially identical when insulin resistance, defined as the highest quartile of HOMA-IR, was incorporated into the model as a binary variable instead of as a continuous variable.
The incidence of MetS increased across quartiles of PAI-1 and aldosterone (Table 4 ). There was a statistically significant 19% to 23% increase in risk of MetS per quartile increment in PAI-1 and aldosterone (trend tests, Table 4 ). Table 4 also presents results for the risk of MetS for different combinations of high versus low PAI-1 and aldosterone (defined on the basis of sex-standardized median levels), with the group with both PAI-1 and aldosterone under the median serving as the referent. Individuals with levels of both PAI-1 and aldosterone above the median experienced a doubling in the risk for incident MetS (Table 4) .
Evaluation of Performance of PAI-1 and Aldosterone for Predicting MetS
To evaluate the potential clinical usefulness of these markers for predicting new-onset MetS, we calculated the sensitivities, specificities, PPVs, and NPVs for sex-specific cut points derived from receiver-operating characteristics curve analyses (based on maximizing the sum of sensitivity and specificity). The cut points chosen for PAI-1 were Ն21.9 ng/mL for men (sensitivity, 0.75; specificity, 0.57; PPV, 0.61; NPV, 0.72) and Ն27.7 ng/mL for women (sensitivity, 0.53; specificity, 0.86; PPV, 0.69; NPV, 0.75). The threshold chosen for aldosterone was Ն11.0 ng/dL for both men and women (sensitivity, 0.46; specificity, 0.63; PPV, 0.53; NPV, 0.57 for men; and sensitivity, 0.54; specificity, 0.55; PPV, 0.42; NPV, 0.67 for women). The c statistic for predicting incident MetS was 0.81 for a model that incorporated age, sex, and the aforementioned clinical covariates. If PAI-1 and aldosterone were incorporated simultaneously into the model, the c statistic increased to 0.82 (Pϭ0.11 versus model without the 2 biomarkers).
Relations of PAI-1 and Aldosterone and Longitudinal Tracking of Metabolic Risk Factors
Given that PAI-1 and aldosterone were the biomarkers retained in analyses relating the panel to incident MetS, analyses of individual components of MetS focused on these 2 biomarkers (modeled together). In multivariable-adjusted models, PAI-1 was significantly and positively associated with longitudinal changes in fasting glucose, systolic BP, and triglycerides (Table 5) . Aldosterone was significantly associated with an increase in mean systolic BP and a decrease in mean HDL cholesterol on follow-up (Table 5) .
Discussion Principal Findings
In a community-based sample, we jointly examined the association of MetS and its components with 8 biomarkers representing distinct biological pathways a priori hypothesized to be related to incidence of MetS. In multivariable analyses relating the biomarkers conjointly to MetS, both PAI-1 and aldosterone were significantly associated with the incidence of MetS, relations that remained robust on adjustment for HOMA-IR. PAI-1 and aldosterone also were associated with longitudinal change in several metabolic risk factors. Specifically, higher PAI-1 was associated with longitudinal increases in fasting plasma glucose, systolic BP, and triglycerides. Higher aldosterone was directly related to change in systolic BP and inversely related to change in HDL cholesterol. These findings notwithstanding, receiveroperating characteristics curve analyses evaluating the potential utility of these biomarkers for predicting MetS demonstrated a suboptimal performance overall, suggesting that these biomarkers are unlikely to prove useful as screening tools. Nonetheless, the association of both PAI-1 and aldosterone with tracking of risk factors is of great pathophysiological interest.
Previous Studies of the Biomarkers and MetS
Many cross-sectional studies have demonstrated that individual biomarkers are associated with MetS. 6 -10,23 Other studies have demonstrated that elevation of select biomarkers antedates the development of weight gain, 24,25 diabetes, [11] [12] [13] and hypertension. 14 -16 For instance, higher CRP levels predict the incidence of diabetes 13 and hypertension, 15 suggesting a potential role for inflammation in the pathogenesis of these conditions. Furthermore, biomarkers of endothelial dysfunction have been reported to predict incident diabetes. 12 Data from some randomized trials indicate that therapy with angiotensin-converting enzyme inhibitors or angiotensinreceptor blockers is associated with a reduced risk of diabetes, 9 providing indirect evidence that neurohormonal activation may precede glucose intolerance. Prior studies have not examined the joint and comparative value of a panel of biomarkers representing distinct biological pathways for predicting the development of MetS.
PAI-1 and MetS
Several cross-sectional studies have demonstrated that higher PAI-1 levels are associated with prevalent MetS 26 and its components (such as obesity, 27 increased blood glucose levels, 28 or dyslipidemia 29 ). Increased PAI-1 levels have even been proposed to be a true component of MetS. 26, 30 Furthermore, a higher PAI-1 level also has been demonstrated to predict the incidence of diabetes in community-based samples. 31 However, it is unclear whether PAI-1 levels predict incident MetS prospectively. Several potential mechanisms may explain the association of PAI-1 with new-onset MetS and with tracking of several metabolic risk factors. It has been suggested that PAI-1 participates in the development and regulation of adipose tissue. Studies indicate that PAI-1 synthesis is increased by insulin, glucocorticoids, angiotensin II, fatty acids, and cytokines. 32 Furthermore, experimental studies indicate that PAI-1 may have a causal role in the development of obesity 
hsCRP indicates high-sensitivity C-reactive protein.
*Values are Pearson correlation coefficients (nϭ2292) for sex-standardized, log-transformed CRP, PAI-1, aldosterone, renin, N-ANP, homocysteine, sex-standardized fibrinogen, and sex-specific BNP quartiles.
TABLE 3. Biomarker Concentrations and Incident MetS Excluding Participants With Prevalent MetS (n‫)3741؍‬
Adjusted OR* (95% CI) 2 Statistic P and insulin resistance. [33] [34] [35] PAI-1-deficient mice develop lower body weight, glucose levels, and triglyceride levels, as well as lesser insulin resistance, compared with wild-type mice when fed a high-energy diet. 34, 35 These PAI-1-deficient animals also have normal levels of peroxisome proliferatoractivated receptor-␥ and adiponectin mRNA, key regulators of glucose and lipid metabolism, when fed a high-energy diet, in contrast to downregulation of these pathways in their wild-type counterparts with normal PAI-1. 34, 35 These findings are consistent with the notion that the absence of PAI-1 in adipocytes protects against insulin resistance by promoting glucose uptake and adipocyte differentiation via increased peroxisome proliferator-activated receptor-␥ expression. 33 Furthermore, it was demonstrated recently that a pharmacological inhibitor of PAI-1 can diminish glucose-stimulated PAI-1 increases and reduce differentiation in human adipo- nϭ1473. *The quartiles (Q) were based on the total sample (nϭ2292), which explains why the number at risk differs for each quartile. †Multivariable models are adjusted for age, sex, sex-standardized waist circumference, systolic and diastolic BPs, HDL cholesterol, glucose, and log triglycerides. †Mean change (⌬) of component during follow-up. ‡Multivariable-adjusted ␤ for change (⌬) in component of metabolic syndrome was adjusted for age, sex, baseline body mass index (except waist circumference model), and baseline level of the individual component, and values given are per 1-SD increment of log PAI-1 (corresponding to 18.9 ng/mL increase above the median in original units) and log aldosterone (corresponding to 7.2 ng/dL increase above the median in original units), respectively. §Variable was sex standardized in the analysis. ʈVariable was log transformed in the analysis. ¶Corresponds to 5.3 mg/dL increase from the median.
cytes. 36 In addition, it could decrease adiposity and levels of glucose and triglycerides in a murine model. 36 Apart from the above-discussed mechanisms that might link increased PAI-1 concentrations to the obesity, hyperglycemia, and dyslipidemia components of MetS, studies also link increased PAI-1 levels to the high BP component. Higher PAI-1 levels may reflect endothelial dysfunction, 37 an important component of hypertension. Higher vascular PAI-1 appears to accelerate perivascular and medial fibrosis, whereas suppression of PAI-1 protects against the vascular changes observed in experimental models of hypertension. 38 
Aldosterone and MetS
Two recent cross-sectional studies have demonstrated that higher aldosterone concentrations are associated with a greater prevalence of MetS and components of MetS such as increased BP, triglycerides, and waist circumference and decreased HDL cholesterol. 39, 40 However, these findings contrast with another report 41 that did not demonstrate an association of aldosterone and MetS. Low HDL cholesterol also has been correlated with high aldosterone concentrations in other studies, [42] [43] [44] and weight loss has been shown to decrease serum concentrations of several markers in the renin-angiotensin-aldosterone system, including aldosterone. 45 Several recent cross-sectional studies have reported direct correlations between aldosterone and insulin resistance. 40, 44, 46 Further evidence for the involvement of the renin-angiotensin-aldosterone system in the metabolic processes underlying development of MetS is provided by clinical trials demonstrating that blockers of the renin-angiotensin-aldosterone system (angiotensin-converting enzyme inhibitors and angiotensin receptor blockers) decrease the risk of future diabetes. 47 We have previously reported that higher aldosterone concentrations are associated with hypertension prospectively. 48 However, we are not aware of other published data relating aldosterone levels to the development of MetS and tracking of HDL cholesterol.
High aldosterone concentrations might cause increased BP through multiple mechanisms, including increased renal sodium retention, potentiation of angiotensin II action, impaired endothelial function, and reduced vascular compliance. 48 Less is known about the potential mechanisms linking high aldosterone concentrations to low HDL, but they might involve the metabolism of adipose tissue, which is known to have high activity of the renin-angiotensin-aldosterone system. 49 In vitro studies support a role for aldosterone in the adipogenesis by mediating early adipocyte differentiation, 50, 51 but it is less clear whether this could contribute to the observed inverse relation with HDL cholesterol.
Multiple Biomarkers and Prediction of MetS
Of the 8 biomarkers evaluated, PAI-1 and aldosterone emerged as the biomarkers most significantly associated with MetS after adjustment for clinical covariates. One possible interpretation of the findings is that PAI-1 and aldosterone are key markers of incident MetS in the community because only these markers remained significant in the multivariable models. Experimental studies support this interpretation, as discussed above. However, it must be recognized that these 2 biomarkers were chosen on the basis of backward elimination in regression models. Biomarkers with greater analytical precision or low interassay variation may be retained in models without indicating lesser biological relevance of biomarkers that are not retained in the models. These cautionary comments notwithstanding, the present investigation extends the multimarker concept to the prediction of MetS and its components, a concept that recently has been applied to cardiovascular disease 52 and hypertension. 53 
Study Strengths and Limitations
The strengths of the present study include the large community-based sample; routine assessment of circulating biomarkers; availability of standardized clinical covariates, including insulin resistance; and use of multivariable analyses to examine the biomarkers conjointly and comparatively. Nonetheless, the present study has several limitations. First, for select biomarkers, measurement-related issues may have limited our power to detect a relation. For plasma BNP levels, a significant proportion of individuals (26% of women, 41% of men) were below the detection limit of the assay. 54 For plasma renin and serum aldosterone, we used single-occasion measurements obtained on a random sodium diet and without a period of longer rest in a supine position. Thus, it may be questioned whether a single reading adequately represents the renin and aldosterone profiles of participants. Second, as noted above, in a stepwise selection procedure, the biomarkers retained in the final model are not necessarily the ones that are biologically most relevant. Third, there has been considerable debate regarding the choice of different definitions of MetS 23, 55, 56 and regarding the utility of the condition itself. 3, 4 These controversies notwithstanding, our data provide insights into which biomarkers predict the development of metabolic traits alone and in combination (exemplified by MetS). Fourth, because our sample consists predominantly of white and middle-aged to elderly participants, the generalizability of our findings to other ethnicities and younger individuals is unknown. Fifth, because measurements of insulin levels were not available at the baseline of the present investigation, we had to use measurements from the prior examination cycle Ϸ4 years earlier. The fact that insulin resistance measured 4 years before the baseline was a strong predictor of incident MetS after baseline suggests that these exploratory analyses were of some value. Nevertheless, the time interval between insulin measurements and the baseline examination is an important limitation, and there may be some residual confounding resulting from the lack of characterization of insulin resistance using contemporaneous measurements. In addition, the mean follow-up time in our study was only 2.9 years, so our results reflect the association of biomarkers with metabolic syndrome over a short-term period. Finally, we acknowledge that the panel of biomarkers will always be somewhat arbitrary based on practical limitations; it may not be feasible for any given study to examine all possible biomarkers.
Conclusions
In our large community-based cohort, a conservative analytical strategy evaluating a panel of important biomarkers demonstrated that higher plasma PAI-1 and serum aldoste-rone concentrations are associated with future development of MetS and with longitudinal changes in metabolic risk factors. Analyses of the discriminative utility of these biomarkers for predicting incident MetS demonstrated unsatisfactory performance overall, suggesting that these biomarkers are unlikely to prove useful as screening to ols. Our findings are primarily of pathophysiological importance. Further studies are warranted to confirm our findings and to elucidate the pathophysiological mechanisms underlying the observed associations.
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